We study the Bs → π + π − and However, if the Z ′ boson does not couple to leptons, the above constraint from the LHC is no longer valid.
Introduction
Since the discovery of the Higgs boson at the Large Hadron Collider (LHC) [1] , the search for new physics (NP) degrees of freedom beyond Standard Model (SM) becomes one of the most important tasks of high energy particle physics. In many NP models, an extra U (1) ′ gauge symmetry is often introduced based on various motivations in new physics beyond SM, resulting in an additional massive neutral gauge boson usually called the Z ′ boson. Quite a few models are of this type, such as grand unified theories based on the gauge groups SO(10) [2] , E 6 model [3] , supersymmetric models [4] , and string inspired models [5] (for a review, see Ref. [6] ). Although the U (1) ′ charges are usually family-universal, it is not mandatory to be so, and the family non-universal Z ′ has been introduced in some models, such as in aforementioned E 6 model [3] .
impact of a family non-universal Z ′ boson on the pure annihilation decays B d → K + K − and B s → π + π − . Since these modes are power suppressed in the heavy quark limit, their branching ratios are expected to be very small, and the sensitivity to NP can be then enhanced.
Experimentally, the decay mode B s → π + π − was firstly reported by the CDF collaboration B(B s → π + π − ) = (0.57 ± 0.15 ± 0.10) × 10 −6 [14] ,
and it was soon confirmed by the LHCb collaboration with 0.37 fb −1 data as B(B s → π + π − ) = (0.95
+0.21
−0.17 ± 0.13) × 10 −6 [15] .
So, the averaged result is given as [16] : B(B s → π + π − ) = (0.73 ± 0.14) × 10 −6 .
The branching fraction of another pure annihilation decay mode B d → K + K − has been also measured as [16] :
Theoretically, within QCD factorization (QCDF) approach [17] , only an order of magnitude estimate can be given for these two decays through introducing new phenomenological parameters (ρ A and φ A ) or an effective gluon propagator [18] due to the existence of the endpoint singularity. The predicted branching fractions are at the order of 10 −8 [17, 19] . Moreover, the effects of SU(3) asymmetry breaking have also been discussed in [20] .
On the contradiction, the perturbative QCD (PQCD) approach [21] retains the transverse momenta of all inner quarks, and thus the endpoint singularity disappear. This makes the perturbative calculations of pure annihilation decay modes reliable. On the basis of PQCD, the decays
Refs. [22, 23] and [24] , respectively. In Ref. [25] , the authors have revisited these two decays with new parameters (especially for the distribution amplitudes of light mesons), and the obtained results are in agreement with the experimental data well. Despite the agreement, by comparing the predictions of [25] with the experimental result, one can find that the LHCb measurement has a central value larger than the theoretical result, which may indicate some room left for survival of a light Z ′ boson. In the following we will use the PQCD approach and investigate the impact of the family non-universal leptophobic Z ′ model on the CP asymmetries of these two decays. Our results can be stringently tested at the LHCb experiment, Belle-II, and future high energy e + e − collider.
This paper is organized as follows. In Sec.2, after a brief introduction to the PQCD approach, we will present the numerical results of
In Sec.3, we will discuss the effects of the Z ′ on the branching fractions and CP asymmetries of these two decay modes. At last, the conclusion will be drawn in the Sec.4.
SM Calculation
In this section, we will start with the effective weak Hamiltonian for the b → D (D = d, s) transitions, which are given by [26] 
where V qb(D) are the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements. The explicit expressions of the local four-quark operators O i (i = 1, ..., 10) and the corresponding wilson coefficients C i at different scales have been given in Ref. [26] . Note that O q 1,2 are tree operators and others O 3−10 are penguin ones. The PQCD approach is based on the k T factorization, and has been applied to calculate the non-leptonic B meson decays for many years [21, 22] . In this approach, the decay amplitude is conceptually written as
where x i are the momentum fractions taken by light quarks in each mesons, and b i are the conjugate variables of the transverse momenta of light quarks. "Tr" means the trace over both Dirac and color indices. In light of the factorization hypothesis, the wilson coefficient C(t) encapsulates the dynamics from m W down to the scale t,
is the typical scale of the concerned annihilation type decays. The hard part H, involving the four-quark operators and the hard gluon, describes the hard dynamics characterized by the scale t, and it can be calculated perturbatively. The wave function Φ M , standing for hadronization of the quark and anti-quark into the meson M , is independent of the specific processes and thus universal. The factor S t (x i ) arises from the resummation of the large double logarithms (ln 2 x i ) on the longitudinal direction, while the Sudakov form factor e −S(t) is from the resummation of the double logarithm ln 2 k T . Fortunately, the endpoint could be smeared effectively with the help of these two functions, which makes our calculation reliable.
In particular, the wave functions Φ M,αβ (α, β being Dirac indices) are decomposed in terms of the spin structure, 
In this work, we employ the function
where the shape parameter ω B d = 0.4 GeV (ω Bs = 0.45 GeV) has been adopted in all previous analysis of exclusive [21, 22, 23] .
In contrast to the heavy meson, the wave functions of light meson φ M are much complicated due to the nonnegligible chiral mass. Taking the K + meson as an example for illustration, we define its wave function as
where p K is its momentum, and m 0K = m 2 K /(m u +m s ) is the aforementioned chiral mass. v and n are unit vectors, and v ( n) is (anti-)parallel to p K . As nonperturbative parameters, the light cone distribution amplitudes (LCDAs)
, should be fixed by experimental data in principle. Though there is no direct experimental measurement for the moments yet up to now, the non-leptonic charmless B q decays already give much hints on them [21, 22] . Since the PQCD approach had already given very good results for these decays, especially for the direct CP asymmetries
we shall adopt the well constrained LCDAs of the mesons in these papers [27] (see [28] for a summary and update of the LCDAs):
with Gegenbauer polynomials defined as:
and t = 2x − 1. It should be stressed that we have dropped the terms proportional to C
, and only kept the first two terms, following the arguments of [23] .
Now we turn to calculate the hard part H. According to the effective Hamiltonian, eq. (5), we can draw four kinds of Feynman diagrams contributing to the [23] . Finally, we obtain total decay amplitudes for concerned decays as
In eq. (13), when π + and π − exchanging, M LL ann obtain the results because of SU (2) [25] , there are typos in eqs. (27) and (28) .
the direct CP asymmetry. In fact, in our calculations there are many uncertainties, the most important one of which is from the distribution amplitude of initial heavy meson, because it cannot calculated directly from QCD till now yet. In the following work, we shall vary the shape parameter ω B d = 0.40 ± 0.05 and ω Bs = 0.50 ± 0.05.
Furthermore, the contributions from next leading order (NLO) have not been done. In the current work, to estimate the uncertainties of NLO , we simply vary t from 0.8t to 1.2t, where t is the largest scale in each diagram and the expressions of them have been given in [23] . Combining all above uncertainties, we obtain the CP -averaged branching fractions of two decay modes
Since the uncertainties from the π, K meson distribution amplitudes are very small, we will not discuss them here.
In discussing the B meson decays, we usually define direct CP asymmetry as
Moveover, because the final states π + π − , K + K − have definite CP -parity, one can measure the time-dependent decay width of the the B q → f decay [29] : 
with
where η f is +1(−1) for a CP-even (CP-odd) final state f and
In SM, the predicted results are listed as
For B s → π + π − , both branching fraction and CP asymmetry parameters agree with previous studies [22, 23, 25] , and small differences are from the uncertainties of the CKM matrix elements. For B d → K + K − , our branching fraction consist with prediction of [25] , but the direct CP asymmetry is much smaller than theirs because they may omitted the effect of the SU(3) asymmetry in the LCDAs of K meson. Compared with the experimental data, although our branching fractions are consistent with data after considering the uncertainties of both theoretical and experimental sides, the center value of
is a bit larger (smaller) than the data, which means there is a little room for us to search for possible effect of NP. Unfortunately, the CP asymmetries of these two decays have not been measured in the current experiments.
3 The Contribution of The Z ′ Boson Now we shall study the possible contributions of the extra gauge boson Z ′ in these two decay modes. Ignoring the interference between Z and Z ′ bosons, we write the Lagrangian with Z ′ on the gauge interaction basis as
where the field ψ i stands for the ith family fermion, g 2 for the coupling constant, ǫ ψL (ǫ ψR ) for the left-handed (right-handed) chiral coupling, and P L,R = (1 ∓ γ 5 )/2. When rotating to the physical basis, the mass eigenstates will be obtained by ψ L,R = V ψL,R ψ I L,R , and the usual CKM matrix is given by V CKM = V uL V † dL . Similarly, we can get the coupling matrices in the physical basis of up (down)-type quarks,
It is apparent that if ǫ u(d) L(R) are not proportional to the identity matrix, the nonzero off-diagonal elements in the B L,R u,d will appear, which induce the FCNC interactions at the tree level. In the current work,we assume that the up-type coupling matrix ǫ u L(R) are proportional to the unit matrix, and the right-handed couplings of are flavordiagonal for simplicity. Thereby, the effective Hamiltonian mediated by the Z ′ , for example b → sqq (q = u, d) transition, is given by
where g 1 = e/(sin θ W cos θ W ) and m Z ′ is the mass of Z ′ boson. The diagonal elements of the effective coupling matrices B L,Rare required to be real because of the hermiticity of the effective Hamiltonian. However, for the off-diagonal one of B L bs , it might be a complex number and a new weak phase φ bs is introduced, which might play important roles in explaining the large CP asymmetries in B → Kπ [19] . Since the above operators of the forms (sb) V −A (qq) V ∓A already exist in SM, we can represent the Z ′ effect by modifying the wilson coefficients of the corresponding operators. As a result, we reorganize the eq. (25) as
Correspondingly, the contributions of the extra Z ′ boson to the SM wilson coefficients at the m W scale is given
One can see that the Z ′ contributes to the electro-weak penguins ∆C 9 (7) as well as the QCD penguins ∆C 3(5) .
In order to show that the new physics is primarily manifest in the electro-weak penguins, we simply assume
dd , and this relation has been used widely [10, 11, 12, 13] . Therefore, the Z ′ contributions to the wilson coefficients are
where
Note that the other SM wilson coefficients at scale lower than m b will also receive contributions from the Z ′ boson through renormalization group (RG) evolution. Since in this model there is no new particle below m W , the RG evolution of the modified Wilson coefficients is exactly same as the one in SM [26] .
Similarly, we also obtain the hamiltonian b → dqq, and the corresponding wilson coefficients and inner functions are given as
Now, we are in a position to discuss the possible parameter spaces of ζ LL,LR s,d
and φ bs,bd . In particular, we assume g 2 /g 1 ∼ 1 because we expect that both the hypercharge U (1) Y gauge group and the extra U (1) ′ have the same origin from some grand unified models. Furthermore, we also hope m Z /m Z ′ is at the order of O(10 −1 ), so that the neutral Z ′ boson could be detected at LHC experiment directly. Note that the mass of a leptophobic m Z ′ boson has not been constrained till now, as aforementioned in Sec.1. In addition, we need to determine the other parameters |B phases φ bs and φ bd , they have not been constrained totally, although many efforts have been done [13] , we therefore set them as free parameters. How to constraint of these parameters globally is beyond the scope of current work and can be found in many references [11, 12, 13] . So as to probe the new physics effect for maximum range, we assume ζ ∼ ζ • ] will be excluded. We also plot the region (edged by curve) related to the direct CP asymmetry and the branching fraction, as shown in the right panel. Note that the SM prediction is 30% ∼ 42%, but with a light Z ′ the estimated range is to be 5% ∼ 60% after considering the constraint from the experimental data. It is concluded that for
CP asymmetry will help us to search for the possible effect of a light Z ′ , though its contribution to the branching fraction is polluted by the SM uncertainties.
At last, we shall discuss the Z ′ effect on the CP symmetry parameters S f and H f . For B s → π + π − , as the weak phase of V tb V * ts is very small, both S f and H f are not sensitive to the NP. On the contrary, for
S f and H f are sensitive to the extra leptophobic Z ′ boson. In Fig.4 , we plot the relations of S f (right panel) and 
Summary
In this work, we have studied the pure annihilation decays (−0.75). The future measurements of these observables may provide us some hints for direct searching for a light leptophobic Z ′ boson.
